The effects of Si addition on the precipitation hardening behaviour and evolution of intergranular corrosion (IGC) of Al-Mg-Si alloys were investigated using hardness tests, scanning electron microscopy (SEM), potentiodynamic polarization measurements, and high-resolution transmission electron microscopy (HRTEM). With an increase of the Si content, the peak hardness of the Al-Mg-Si alloys considerably increased by enhancing the density of the β" (Mg 5 Si 6 ) phase inside the grains. The microstructures affecting the IGC performance consisted of MgSi particles, Si particles, Al-Fe-Mn-Si intermetallics, and the precipitate-free zone (PFZ). The IGC susceptibility of the Al-Mg-Si alloys was mainly attributed to the high electrochemical potential difference between the MgSi particles and solute-depleted zones. Excess Si improved the IGC susceptibility of the alloys, mainly due to an increase of the grain boundary MgSi precipitates. Furthermore, the evolution of the IGC process was discussed in detail.
Introduction
Al-Mg-Si alloys have been widely used to produce ocean ships, automotive bodies, and fuselages owing to their high strength-to-weight ratio, excellent formability, and corrosion resistance [1] [2] [3] . Their service properties are mainly acquired by the formation of high-density metastable strengthening phases during artificial ageing after solution heat treatment, followed by rapid water quenching to room temperature [4] . The precipitation of Mg/Si master alloys during the ageing treatment is generally believed to occur via the following sequence: GP zone (Guinier Preston zone)-β phase-β phase-β phase [5] . The main contributors to hardness and mechanical strength in Al-Mg-Si alloys are the β phase and GP zone. To improve the mechanical performance, a small amount of Cu and an excessive amount of Si are often added to Al-Mg-Si alloys. Cu can accelerate the formation of a coherent reinforcement phase of GP zones and MgSi precipitates, and can also form metastable strengthening Cu-containing precipitates, primarily including the θ phase (Al 2 Cu), S phase (Al 2 CuMg), or Q phase (Al 4 Cu 2 Mg 8 Si 7 ) [6, 7] . Increasing the Si content in Al-Mg-Si alloys usually provides more formable and higher mechanical strength properties by improving the density of MgSi precipitates with a fine and uniform distribution [8] .
High electrochemical potential differences between the aluminium matrix and precipitates play critical roles [9] [10] [11] . Generally, these precipitates include inhomogeneities, intermetallics, and grain boundaries, which may introduce susceptibility to intergranular corrosion (IGC) [12, 13] and become the main initial locations of electrochemical corrosion [8, 9] . MgSi particles represent the main strengthening precipitate, with diverse structures and sizes depending on the thermal processing parameters; neutral chloride electrolytes possess a lower corrosion potential. The MgSi phase must be considered in studies of corrosion behaviour [14, 15] , as this phase results in a high electrochemical potential difference between MgSi secondary phases and the cathode. In addition, intermetallic particles and anodic sites [16] lead to the preferential dissolution of more active sites, including the matrix and precipitate-free zone (PFZ) [17] , as they are often present as cathodes and protected in the electrochemical corrosion process. With excessive Si and Cu addition, the formation of Si-rich or Cu-containing precipitates introduced to improve mechanical properties are not conducive to improving the corrosion performance of the alloy [18, 19] . These precipitates often act as unfavourable electrochemical heterogeneities for corrosion resistance, related to pitting corrosion and IGC attack. To resolve this problem, increasing the Mg content can reduce the corrosion propagation susceptibility by altering the precipitate type and the structure containing the Si strengthening phase [8] . However, this process is simultaneously detrimental to the mechanical properties of hardness and strength [20] . Therefore, to acquire Al-Mg-Si alloys with a suitable performance, extensive works on IGC susceptibility have been conducted to investigate the corrosion behaviour of Al-Mg-Si alloys [21] [22] [23] . Mol et al. [24] studied the contribution of the MgSi structure in the IGC process, and reported that stable MgSi particles could improve the corrosion resistance compared to alloys with coherent MgSi precipitates. Li et al. [25] reported that the continuous distribution of grain boundary precipitates (GBPs) were a primary reason for the high IGC susceptibility of Al-Mg-Si alloys. Mizuno et al. [26] suggested that surface particles should be considered as initial propagation sites in pitting corrosion, where one of the main problems involved the influence of MgSi particles on the initial propagation and process of IGC. Regarding this problem, Table 1 summarizes some findings from the relevant literature. As shown in Table 1 , different experimental conditions (e.g., the alloy composition and heat treatment conditions) complicate the analysis. Although the corrosion of Al-Mg-Si alloys is strongly affected by the chemical composition, size, and distribution of precipitates and intermetallics, the corrosion mechanism of these alloys still has no suitable explanation, which may originate from the different chemical compositions and heat treatment conditions used in the various studies. In this study, the effect of the Si content on the hardness behaviour and IGC of Al-Mg-Si alloys was investigated using electrochemical and transmission electron microscopy (TEM) analyses, paying particular attention to the evolution of the IGC process and the corrosion behaviour of the MgSi particles during exposure of an Al-Mg-Si alloy in 3.5 wt % NaCl solution. In addition, the artificial age-hardening behaviour of Al-Mg-Si alloys and the structure of the main precipitates were also investigated in detail.
Experimental Materials and Methods

Materials and Procedures
The experimental materials used in this study were nominal Al-Mg-Si alloys with various Si contents balanced with pure Al (wt %). The measured chemical compositions of the alloys (shown in Table 2 ) were determined by inductively coupled plasma optical emission spectrometry (ICP-OES). The slabs were prepared by common chill casting, scalped, and homogenized at 520 • C before solution treatment. Samples with different diameters used for subsequent characterization were cut from the middle section of hot rolling slabs (75% hot deformation in four passes at 460 • C). The solution treatment was conducted in an air circulation furnace at 520 • C for 3 h, and then the samples were water quenched in cold water at a temperature below 30 • C. Afterwards, all the samples were aged at 170 • C for different times to facilitate metastable strengthening phase precipitation. The hardness measurements were performed on an HV-10B machine (Huangqi, Nanjing, China) at a load of 500 g with a dwell time of 10 s. Each data point in the hardness curves was the average of 10 indentations. The backscattered electron images of the three alloys and corresponding energy dispersive X-ray spectroscopy (EDS) results are shown in Figure 1 . Obviously, a high number of black areas identified as MgSi particles were identified by EDS. Since MgSi particles are hard and brittle, a portion of the particles fell off the aluminium matrix in the grinding process. In addition, elemental Si pits could have also fell. In addition to the MgSi precipitates, the emission scanning electron microscopy (SEM) images contained a small number of visible white particles, as shown in the white areas, which were mainly Al-Fe-Mn-Si intermetallics, including cubic (Al 15 (Fe,Mn) 3 Si 2 ) and monoclinic (A1 5 FeSi) phases. These intermetallics have high melting points and large sizes, and are formed in the process of casting and cannot be completely dissolved during the solution treatment. In this study, the effect of the Si content on the hardness behaviour and IGC of Al-Mg-Si alloys was investigated using electrochemical and transmission electron microscopy (TEM) analyses, paying particular attention to the evolution of the IGC process and the corrosion behaviour of the MgSi particles during exposure of an Al-Mg-Si alloy in 3.5 wt % NaCl solution. In addition, the artificial age-hardening behaviour of Al-Mg-Si alloys and the structure of the main precipitates were also investigated in detail.
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The experimental materials used in this study were nominal Al-Mg-Si alloys with various Si contents balanced with pure Al (wt %). The measured chemical compositions of the alloys (shown in Table 2 ) were determined by inductively coupled plasma optical emission spectrometry (ICP-OES). The slabs were prepared by common chill casting, scalped, and homogenized at 520 °C before solution treatment. Samples with different diameters used for subsequent characterization were cut from the middle section of hot rolling slabs (75% hot deformation in four passes at 460 °C). The solution treatment was conducted in an air circulation furnace at 520 °C for 3 h, and then the samples were water quenched in cold water at a temperature below 30 °C. Afterwards, all the samples were aged at 170 °C for different times to facilitate metastable strengthening phase precipitation. The hardness measurements were performed on an HV-10B machine (Huangqi, Nanjing, China) at a load of 500 g with a dwell time of 10 s. Each data point in the hardness curves was the average of 10 indentations. The backscattered electron images of the three alloys and corresponding energy dispersive X-ray spectroscopy (EDS) results are shown in Figure 1 . Obviously, a high number of black areas identified as MgSi particles were identified by EDS. Since MgSi particles are hard and brittle, a portion of the particles fell off the aluminium matrix in the grinding process. In addition, elemental Si pits could have also fell. In addition to the MgSi precipitates, the emission scanning electron microscopy (SEM) images contained a small number of visible white particles, as shown in the white areas, which were mainly Al-Fe-Mn-Si intermetallics, including cubic (Al15(Fe,Mn)3Si2) and monoclinic (A15FeSi) phases. These intermetallics have high melting points and large sizes, and are formed in the process of casting and cannot be completely dissolved during the solution treatment. 
Corrosion Tests
IGC tests were performed according to British standard 11,846 method B [34] . The standard involved the following steps: degreasing in ethanol, 5 min etching in 10 wt % NaOH, and 2 min desmutting in 30 wt % HNO3, followed by a 24 h immersion in an acidified sodium chloride solution (30 g NaCl and 10 mL HCl per litre). The surface and cross-sectional morphologies of the corroded samples were observed by an XJG-05 optical microscope (OM, Chincan, Dongguan, China) and JEOL JSM 6490 SEM instrument (JSM, Tokyo, Japan). For each condition, at least five valid parallel tests were performed to obtain statistical data of the IGC depth. Different immersion times were applied to clarify the evolution of the IGC process and the corrosion behaviour of MgSi particles during exposure of the Al-Mg-Si alloys in 3.5 wt % NaCl solution. Subsequently, the corroded surface appearance and corrosion depth on the cross-section were examined.
Potentiodynamic polarization measurements were performed using a conventional three-electrode electrochemical cell in 3.5 wt % NaCl solution at 25 ± 1 °C. A saturated calomel electrode (SCE) was used as the reference electrode, and a platinum sheet served as the auxiliary electrode. Samples with a size of 10 mm length × 10 mm width × 8 mm thickness were cut. Next, the polished face (L-T planes) was swept from an initial potential of −1.2 V to a final potential of 0.2 V at a scanning rate of 2 mV/s using an EG&G Model 273 Galvanostat/Potentiostat (GAMRY Reference 3000, Pennsylvania, PA, USA). The software plotted the polarization curve and calculated the corrosion current density (Icorr) and corrosion potential (Ecorr).
Characterization
The compositions and morphologies of the microstructures in the corroded samples were measured by an SEM instrument (JSM, Tokyo, Japan) equipped with EDS functionality. The detailed characteristics of the microstructures of the three investigated alloys were further observed by an FEI Tecnai G2 F20 TEM instrument (FEI, Hillsboro, OR, USA) operating at 200 kV. The samples for TEM characterization were prepared by mechanically grinding to 75 μm-95 μm, then punching into discs. The discs were perforated in an electrolyte consisting of 30% HNO3 and 70% methanol by Twin-Jet electropolishing. The electropolishing conditions were T = −25 °C and V = 22 V.
Results
Hardness Evolution During Ageing at 170 °C
The hardness evolutions for the three investigated Al-Mg-Si alloys with different Si contents treated by artificial ageing at 170 °C immediately after quenching are shown in Figure 2 . The hardness curves of the three alloys displayed similar profiles, featuring a sharp rise in hardness within the first three hours, followed by a slow increase during the next three hours, and finally reaching maximum peak-aged hardness values of 123 HV, 127 HV, and 129 HV for alloys A, B, and C, respectively. The hardness remained at a relatively constant state for a long time, and with an 
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Microstructure
For the studied Al-Mg-Si alloys, the peak-aged state persisted for a long time. To acquire distinct microstructure views of the peak-aged states of the three alloys, all alloys were treated at 170 °C for 5 h (at the peak-aged state). Figure 3 shows the bright-field TEM images of the three alloys after being peak-aged at 170 °C for 5 h taken with the electron beam parallel to the [001]Al zone axis. A high-density of rod-shaped precipitates (marked with the black arrow) and cross-sections (marked with the white arrow) were dispersed in all the TEM images. As clearly observed, an increased Si content resulted in an increased number and density of these precipitates, and therefore the hardness and strength of the alloys accordingly improved, which is consistent with the previous literature [37, 38] . Figure 2 . Vickers hardness evolution of the three alloys with ageing time at 170 • C immediately after quenching (error limit ±2%).
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For the studied Al-Mg-Si alloys, the peak-aged state persisted for a long time. To acquire distinct microstructure views of the peak-aged states of the three alloys, all alloys were treated at 170 °C for 5 h (at the peak-aged state). Figure 3 shows the bright-field TEM images of the three alloys after being peak-aged at 170 °C for 5 h taken with the electron beam parallel to the [001]Al zone axis. A high-density of rod-shaped precipitates (marked with the black arrow) and cross-sections (marked with the white arrow) were dispersed in all the TEM images. As clearly observed, an increased Si content resulted in an increased number and density of these precipitates, and therefore the hardness and strength of the alloys accordingly improved, which is consistent with the previous literature [37, 38] . To further analyse and confirm the structure of the rod-shaped precipitates in the three peak-aged alloys, a high-resolution TEM (HRTEM) image and corresponding fast Fourier filtering transform (FFT) pattern of the cross-section of a rod-shaped precipitate were obtained, as shown in Figure 4 . The precipitate was polygonal and belonged to a monoclinic system with lattice parameters a = 1.51 nm, c = 0.67 nm, and β = 105.3 • (Figure 4a) . The aforementioned analysis results show that the precipitate was the β phase through comparison with the published database [39] and the orientation relationships of (200) β parallel to (301) Al . The main precipitate contributing to the peak hardness of the alloys was the β precipitate elongated along the <001> Al axis with a rounded cross-section. To further analyse and confirm the structure of the rod-shaped precipitates in the three peak-aged alloys, a high-resolution TEM (HRTEM) image and corresponding fast Fourier filtering transform (FFT) pattern of the cross-section of a rod-shaped precipitate were obtained, as shown in Figure 4 . The precipitate was polygonal and belonged to a monoclinic system with lattice parameters a = 1.51 nm, c = 0.67 nm, and β = 105.3° (Figure 4a) . The aforementioned analysis results show that the precipitate was the β′′ phase through comparison with the published database [39] and the orientation relationships of (200)β′′ parallel to (301)Al. The main precipitate contributing to the peak hardness of the alloys was the β′′ precipitate elongated along the <001>Al axis with a rounded cross-section. The composition and distribution of grain boundary particles in aluminium alloys play important roles in obtaining good corrosion resistance properties. The influence of the Si content in the Al-Mg-Si alloys on the grain boundary microstructure is shown in Figure 5 . Alloy A (Figure 5a ) did not exhibit obvious grain boundary precipitates, and the grain boundaries of alloys B (Figure 5b ) and C ( Figure 5c ) were decorated with a mass of particles, but the PFZs of all the alloys were not obvious near the grain boundaries. These grain boundary precipitates observed in the TEM images consisted of two types of particles: (1) particles larger than 500 nm and (2) particles less than 100 nm, but only a few particles larger than 500 nm were found on the grain boundaries in these alloys. The large particles observed in all the alloys were Al-Fe-Si (Mn) dispersoids [40] . The numerous small rod-shaped particles on the grain boundaries in all three alloys were MgSi precipitates with sizes ranging from 0.1 μm-0.15 μm [40] . However, the structure of these MgSi precipitates is not studied in this paper; this will be further investigated and discussed in future research. With an increased Si content, the MgSi particle density on the boundaries increased, resulting in a more continuous distribution. In addition, solute-depleted zones of Mg and Si inevitably existed near the MgSi particles, although the PFZs could not be identified in these TEM images. The composition and distribution of grain boundary particles in aluminium alloys play important roles in obtaining good corrosion resistance properties. The influence of the Si content in the Al-Mg-Si alloys on the grain boundary microstructure is shown in Figure 5 . Alloy A (Figure 5a ) did not exhibit obvious grain boundary precipitates, and the grain boundaries of alloys B (Figure 5b ) and C ( Figure 5c ) were decorated with a mass of particles, but the PFZs of all the alloys were not obvious near the grain boundaries. These grain boundary precipitates observed in the TEM images consisted of two types of particles: (1) particles larger than 500 nm and (2) particles less than 100 nm, but only a few particles larger than 500 nm were found on the grain boundaries in these alloys. The large particles observed in all the alloys were Al-Fe-Si (Mn) dispersoids [40] . The numerous small rod-shaped particles on the grain boundaries in all three alloys were MgSi precipitates with sizes ranging from 0.1 µm-0.15 µm [40] . However, the structure of these MgSi precipitates is not studied in this paper; this will be further investigated and discussed in future research. With an increased Si content, the MgSi particle density on the boundaries increased, resulting in a more continuous distribution. In addition, solute-depleted zones of Mg and Si inevitably existed near the MgSi particles, although the PFZs could not be identified in these TEM images. To further analyse and confirm the structure of the rod-shaped precipitates in the three peak-aged alloys, a high-resolution TEM (HRTEM) image and corresponding fast Fourier filtering transform (FFT) pattern of the cross-section of a rod-shaped precipitate were obtained, as shown in Figure 4 . The precipitate was polygonal and belonged to a monoclinic system with lattice parameters a = 1.51 nm, c = 0.67 nm, and β = 105.3° (Figure 4a) . The aforementioned analysis results show that the precipitate was the β′′ phase through comparison with the published database [39] and the orientation relationships of (200)β′′ parallel to (301)Al. The main precipitate contributing to the peak hardness of the alloys was the β′′ precipitate elongated along the <001>Al axis with a rounded cross-section. The composition and distribution of grain boundary particles in aluminium alloys play important roles in obtaining good corrosion resistance properties. The influence of the Si content in the Al-Mg-Si alloys on the grain boundary microstructure is shown in Figure 5 . Alloy A (Figure 5a ) did not exhibit obvious grain boundary precipitates, and the grain boundaries of alloys B (Figure 5b ) and C ( Figure 5c ) were decorated with a mass of particles, but the PFZs of all the alloys were not obvious near the grain boundaries. These grain boundary precipitates observed in the TEM images consisted of two types of particles: (1) particles larger than 500 nm and (2) particles less than 100 nm, but only a few particles larger than 500 nm were found on the grain boundaries in these alloys. The large particles observed in all the alloys were Al-Fe-Si (Mn) dispersoids [40] . The numerous small rod-shaped particles on the grain boundaries in all three alloys were MgSi precipitates with sizes ranging from 0.1 μm-0.15 μm [40] . However, the structure of these MgSi precipitates is not studied in this paper; this will be further investigated and discussed in future research. With an increased Si content, the MgSi particle density on the boundaries increased, resulting in a more continuous distribution. In addition, solute-depleted zones of Mg and Si inevitably existed near the MgSi particles, although the PFZs could not be identified in these TEM images. Figure 6 displays the corroded morphologies of the cross-sections and surfaces of the peak-aged (170 • C/5 h) Al-Mg-Si alloys after immersion in 3.5 wt % NaCl solution for 12 h, as per British standard 11,846 method B.
Corrosion Behaviour
determined by the maximum IGC depth [34] , and the values of the IGC depths and corrosion levels are presented in Table 3 . Clearly, the typical IGC layers of all the samples were homogeneously distributed, but the degrees of corrosion varied. The IGC depth of alloy A with 1.21 wt % Si was 65 μm, and the entire sample presented superficial IGC (Figure 6a,d) . With an increased Si content to 1.73 wt %, the IGC depth of alloy B increased, and some particles were stripped from the Al matrix (Figure 6b,e) . Serious corrosion etched alloy C with a Si content of 2.52 wt %, displaying an IGC depth of 96 μm (Figure 6c,f) . These different IGC depths demonstrated that alloy C presented the highest IGC susceptibility among the three alloys, as the increased Si content weakened the IGC corrosion resistance of the Al-Mg-Si alloys, which may be correlated to the density of MgSi precipitates on the grain boundaries. Alloys B and C displayed similar sizes, and maximum IGC depths (Table 3) were determined at the same IGC level. Table 3 . Maximum IGC depths for the Al-Mg-Si alloys at peak-aged conditions. All the specimens displayed distinctly different degrees of IGC. The corrosion level was determined by the maximum IGC depth [34] , and the values of the IGC depths and corrosion levels are presented in Table 3 . Clearly, the typical IGC layers of all the samples were homogeneously distributed, but the degrees of corrosion varied. The IGC depth of alloy A with 1.21 wt % Si was 65 µm, and the entire sample presented superficial IGC (Figure 6a,d) . With an increased Si content to 1.73 wt %, the IGC depth of alloy B increased, and some particles were stripped from the Al matrix (Figure 6b,e) . Serious corrosion etched alloy C with a Si content of 2.52 wt %, displaying an IGC depth of 96 µm (Figure 6c,f) . These different IGC depths demonstrated that alloy C presented the highest IGC susceptibility among the three alloys, as the increased Si content weakened the IGC corrosion resistance of the Al-Mg-Si alloys, which may be correlated to the density of MgSi precipitates on the grain boundaries. Alloys B and C displayed similar sizes, and maximum IGC depths (Table 3) were determined at the same IGC level. Table 3 . Maximum IGC depths for the Al-Mg-Si alloys at peak-aged conditions. A  65  3  B  89  3  C  96  4 Metals 2017, 7, 387 8 of 12
Alloy Maximum Corrosion Depth (μm) IGC Level
Alloy Maximum Corrosion Depth (µm) IGC Level
Potentiodynamic Polarization Tests
The potentiodynamic polarization curves of the three peak-aged samples are shown in Figure 7 , and the polarization features (e.g., corrosion voltages, E corr , and corrosion current densities, I corr ) of the three studied alloys calculated from potentiodynamic polarization curves are presented in Table 4 . The shapes of the polarization curves were largely unchanged with an increasing Si content. The anodic polarization behaviour was dictated by activated anodic dissolution with a sharp increase in current density at potentials higher than the pitting potential (E pit ). As shown in Table 4 , I corr increased with an increasing Si content, which is consistent with the IGC test results.
The potentiodynamic polarization curves of the three peak-aged samples are shown in Figure 7 , and the polarization features (e.g., corrosion voltages, Ecorr, and corrosion current densities, Icorr) of the three studied alloys calculated from potentiodynamic polarization curves are presented in Table  4 . The shapes of the polarization curves were largely unchanged with an increasing Si content. The anodic polarization behaviour was dictated by activated anodic dissolution with a sharp increase in current density at potentials higher than the pitting potential (Epit). As shown in Table 4 , Icorr increased with an increasing Si content, which is consistent with the IGC test results. 
Corrosion Process
The principle of IGC in age-hardened Al alloys is closely related to electrochemical corrosion, resulting from composition segregation and electrochemical microcouples continuously distributed along the grain boundaries. As previously stated, we concluded that the Si content of the Al-Mg-Si alloys was a predominant factor in the corrosion speed and level. Despite the different IGC levels of the three alloys, their IGC mechanisms are consistent. To uncover the common IGC mechanism of the Al-Mg-Si alloys with high Si contents, we selected alloy B as a representative sample with excellent integrated performance to elaborate and analyse the corrosion process. SEM images of a freshly polished alloy B surface aged at 170 °C for 5 h and subsequently exposed to a solution of 3.5 wt % NaCl for various times are shown in Figure 8 . The corroded alloy morphologies with different exposure times showed the IGC process via the corrosion morphology and provided an overview of the corrosion evolution on the local surface and cross-section morphology of the Al-Mg-Si alloy. At the beginning of the corrosion process, corrosion occurred at and around the MgSi surface, and some corrosion trenching appeared around the particles. With an increasing corrosion time, the alloy presented obvious IGC, and the internal grains also displayed many corroded pits. 
The principle of IGC in age-hardened Al alloys is closely related to electrochemical corrosion, resulting from composition segregation and electrochemical microcouples continuously distributed along the grain boundaries. As previously stated, we concluded that the Si content of the Al-Mg-Si alloys was a predominant factor in the corrosion speed and level. Despite the different IGC levels of the three alloys, their IGC mechanisms are consistent. To uncover the common IGC mechanism of the Al-Mg-Si alloys with high Si contents, we selected alloy B as a representative sample with excellent integrated performance to elaborate and analyse the corrosion process. SEM images of a freshly polished alloy B surface aged at 170 • C for 5 h and subsequently exposed to a solution of 3.5 wt % NaCl for various times are shown in Figure 8 . The corroded alloy morphologies with different exposure times showed the IGC process via the corrosion morphology and provided an overview of the corrosion evolution on the local surface and cross-section morphology of the Al-Mg-Si alloy. At the beginning of the corrosion process, corrosion occurred at and around the MgSi surface, and some corrosion trenching appeared around the particles. With an increasing corrosion time, the alloy presented obvious IGC, and the internal grains also displayed many corroded pits. 
Discussion
To further clarify the IGC susceptibility and corrosion process of the high-Si-content alloy B at prolonged immersion time, two typical microstructural aspects must first be satisfied: (i) the grain boundary microstructures must contain a large number of discontinuously distributed MgSi precipitates and Al-Fe-Mn-Si intermetallics, and indistinguishable pure Si particles must exist; (ii) large differences must exist between the corrosion potentials of the grain boundary microstructures. Generally, the typical grain boundary microstructures in peak-aged Al-Mg-Si alloys mainly consist of MgSi precipitates, Al-Fe-Mn-Si intermetallics, pure Si, an Al matrix, and PFZ; however, the PFZ was not identified by TEM in this study. The concentration of Si and Mg atoms in the PFZ was lower than the aluminium matrix and precipitates, resulting in a lower corrosion potential at these solute-depleted zones than at the adjacent precipitates or Al matrix, which become the starting points of corrosion. Figure 9 shows a schematic diagram of the IGC evolution of Al-Mg-Si alloys. When the peak-aged samples were immersed in the corrosive solution, the corrosion priority initiated from the grain boundary PFZ adjacent to the intermetallic or precipitate peripheries, and the grain boundary PFZ acted as an anode, resulting in anodic dissolution and the presence of a corrosion ring surrounding these Al-Fe-Mn-Si intermetallics and MgSi particles. Meanwhile, corrosion could also start at some intermetallics and precipitates due to preferential dissolution. After 4 h of immersion, these two main types of particles corroded, and considerable trenches surrounding the MgSi particles and Al-Fe-Mn-Si intermetallics were observed. During this corrosion process, the Si phase acted as a cathodic zone with strong polarization; however, the existence of pure Si in the grain boundary microstructures was not found, and corrosion dynamic conversion existed in the MgSi precipitate particles. During corrosion initiation, the MgSi precipitates underwent self-corrosion on their surface, resulting from the selective preferential dissolution of Mg in chloride-containing environments. As the corrosion time extended, the IGC continued into the corrosive MgSi phase, which led to Si gradually enriching the remnant MgSi particles, thus transforming polarity between the MgSi particles and solute-depleted zones and resulting in the MgSi particles becoming cathodic to the PFZ. In other words, the electrochemical driving force for the anodic dissolution of the solute-depleted zones increased, resulting in a larger dissolution velocity of the alloy due to larger differences in the corrosion potential between the de-alloyed MgSi particles and anode. This conversion was also found in some particles containing low corrosion potential elements. After 20 h of exposure to the corrosion solution, the corrosion trenching width around the particles was extensive-even forming a continuous corrosion channel, despite the fact that the MgSi precipitates were discontinuously distributed at the grain boundaries. In addition, some intergranular particle remnants were removed. After 40 h of immersion, many corroded small pits were found in the internal grains (submicro/nanometre range). These small pits may have been dissolved in the MgSi strengthening phase, and were not detectable before etching the micro-pits in the SEM images 
To further clarify the IGC susceptibility and corrosion process of the high-Si-content alloy B at prolonged immersion time, two typical microstructural aspects must first be satisfied: (i) the grain boundary microstructures must contain a large number of discontinuously distributed MgSi precipitates and Al-Fe-Mn-Si intermetallics, and indistinguishable pure Si particles must exist; (ii) large differences must exist between the corrosion potentials of the grain boundary microstructures. Generally, the typical grain boundary microstructures in peak-aged Al-Mg-Si alloys mainly consist of MgSi precipitates, Al-Fe-Mn-Si intermetallics, pure Si, an Al matrix, and PFZ; however, the PFZ was not identified by TEM in this study. The concentration of Si and Mg atoms in the PFZ was lower than the aluminium matrix and precipitates, resulting in a lower corrosion potential at these solute-depleted zones than at the adjacent precipitates or Al matrix, which become the starting points of corrosion. Figure 9 shows a schematic diagram of the IGC evolution of Al-Mg-Si alloys. When the peak-aged samples were immersed in the corrosive solution, the corrosion priority initiated from the grain boundary PFZ adjacent to the intermetallic or precipitate peripheries, and the grain boundary PFZ acted as an anode, resulting in anodic dissolution and the presence of a corrosion ring surrounding these Al-Fe-Mn-Si intermetallics and MgSi particles. Meanwhile, corrosion could also start at some intermetallics and precipitates due to preferential dissolution. After 4 h of immersion, these two main types of particles corroded, and considerable trenches surrounding the MgSi particles and Al-Fe-Mn-Si intermetallics were observed. During this corrosion process, the Si phase acted as a cathodic zone with strong polarization; however, the existence of pure Si in the grain boundary microstructures was not found, and corrosion dynamic conversion existed in the MgSi precipitate particles. During corrosion initiation, the MgSi precipitates underwent self-corrosion on their surface, resulting from the selective preferential dissolution of Mg in chloride-containing environments. As the corrosion time extended, the IGC continued into the corrosive MgSi phase, which led to Si gradually enriching the remnant MgSi particles, thus transforming polarity between the MgSi particles and solute-depleted zones and resulting in the MgSi particles becoming cathodic to the PFZ. In other words, the electrochemical driving force for the anodic dissolution of the solute-depleted zones increased, resulting in a larger dissolution velocity of the alloy due to larger differences in the corrosion potential between the de-alloyed MgSi particles and anode. This conversion was also found in some particles containing low corrosion potential elements. After 20 h of exposure to the corrosion solution, the corrosion trenching width around the particles was extensive-even forming a continuous corrosion channel, despite the fact that the MgSi precipitates were discontinuously distributed at the grain boundaries. In addition, some intergranular particle remnants were removed. After 40 h of immersion, many corroded small pits were found in the internal grains (submicro/nanometre range). These small pits may have been dissolved in the MgSi strengthening phase, and were not detectable before etching the micro-pits in the SEM images because of their infinitesimal size. As the corrosion time extended, corrosion constantly proceeded along the corrosion front pathway. Therefore, we uncovered a common corrosion evolution by analysing the abovementioned process, which we hope proves advantageous in improving alloy performances.
Metals 2017, 7, 387 10 of 12 because of their infinitesimal size. As the corrosion time extended, corrosion constantly proceeded along the corrosion front pathway. Therefore, we uncovered a common corrosion evolution by analysing the abovementioned process, which we hope proves advantageous in improving alloy performances. Figure 9 . Schematic diagram of the corrosion evolution of a cross-section of the Al-Mg-Si alloy.
Conclusions
In this study, the hardness behaviours and IGC susceptibilities of the three alloys after ageing at 170 °C for different times were investigated by hardness tests, electrochemical experiments, SEM, and TEM. The precipitate microstructures and IGC evolutions of the peak-aged Al-Mg-Si alloys were uncovered, and the main conclusions can be summarized as follows:
1. The hardness of the Al-Mg-Si alloys with peak-ageing treatments mainly originated from contribution from the β′′ phase. With an increased Si content, the age-hardening response improved, and the hardness value also increased by enhancing the quantity and density of the β′′ strengthening phase. 2. The microstructures affecting the IGC performances the Al-Mg-Si alloys consisted of MgSi particles, Al-Fe-Mn-Si intermetallics, and the PFZ. The IGC susceptibility of the Al-Mg-Si alloys was mainly attributed to the high electrochemical potential difference between the MgSi particles and solute-depleted zones. 3. Corrosion priority initiated from the grain boundary PFZ adjacent to the Al-Fe-Mn-Si intermetallics or from the MgSi precipitate peripheries forming a trench around the particles. Meanwhile, some intermetallics and precipitates displayed self-corrosion until dislodging after forming continuous corrosion channels. With an extended corrosion time, IGC constantly proceeded along the corrosion front pathway.
